Background and Purpose: An experimental model that induces sustained ischemia and infarction may provide useful information relevant to prevention of the development of ischemic brain disease. The purpose of the present study was to elucidate the pathophysiological consequences of cerebral blood flow under sustained cerebral ischemia or oligemia and infarction in rats after microsphere embolism.
Sustained Decrease in Brain Regional Blood Flow After Microsphere Embolism in Rats
Keiko Miyake, MSc; Satoshi Takeo, PhD; and Hiroki Kaijihara, MD, PhD Background and Purpose: An experimental model that induces sustained ischemia and infarction may provide useful information relevant to prevention of the development of ischemic brain disease. The purpose of the present study was to elucidate the pathophysiological consequences of cerebral blood flow under sustained cerebral ischemia or oligemia and infarction in rats after microsphere embolism.
Methods: We injected 900 microspheres (48 ,um in diameter) into the right internal carotid artery of 146 rats and determined the time course of changes in blood flow of the cerebral cortex, striatum, and hippocampus of both hemispheres by the hydrogen clearance method for a period of 28 days after the operation. Infarct area was determined by triphenyltetrazolium chloride staining and hematoxylin and eosin staining methods.
Results: Cortical and striatal blood flow of the right hemisphere of microsphere-injected rats was significantly decreased after the embolism, and this was sustained throughout the experiment. Hippocampal blood flow of the microsphere-injected hemisphere was also decreased on days 1 and 3 but tended to return toward control levels thereafter. In the left hemisphere, reduction in regional blood flow was detected in the cortex and hippocampus on day 1 and the striatum on day 3. A triphenyltetrazolium chloride-unstained area had developed by day 3 after the embolism. The extent of the area was similar to that on days 7 and 28. Microscopic examination revealed degenerative areas scattered mainly in the parietotemporal cortex, corpus callosum, hippocampus, thalamus, and lenticular nucleus of the embolized hemisphere, demonstrating the induction of widespread necrosis after embolism.
Conclusions: Microsphere embolism resulted in a sustained decrease in regional blood flow and production of cerebral infarction in the brain regions of the microsphere-injected hemisphere. (Stroke 1993; 24:415-420) KEY WoRDs * cerebral blood flow * cerebral infarction * hippocampus * rats C erebral embolism with microspheres has been shown to induce biochemical, electrophysiological, neurological, and morphological abnormalities.1-6 Because the diameter of microspheres used as emboli ranged from 15 to 50 ,gm, the induced embolism has been considered to produce widespread precapillary occlusion, resulting in the development of cerebral ischemia and infarction. In previous studies we have shown that microspheres induced profound changes in cerebral energy metabolites7-9 and neurotransmitter content.10 These included depletion of cerebral high-energy phosphates; accumulation of tissue lactate, glucose, and glycogen; changes in the activity of several enzymes in the tricarboxylic acid cycle; loss of mitochondrial phosphorylation activity; decreases in acetylcholine and neurotransmitter amino acids; and increase in choline of the brain regions of the microsphere-injected hemisphere. Accordingly, microsphere embolism is considered to be capable of inducing severe See Editorial Comment, page 420 and long-term ischemia or oligemia resulting in disturbances of the energy and neurotransmitter metabolism of the brain. However, the degree of ischemia or oligemia has not been elucidated as yet with respect to cerebral blood flow and morphological structure, which may provide direct evidence for cerebral ischemia and infarction. The purpose of the present study was to determine whether microsphere embolism causes cerebral ischemia or infarction in the hemisphere into which microspheres are introduced. Teflon-coated platinum electrodes, 100 ,um in diameter with a 1-mm uncoated portion at their tips and plated with platinum black, were positioned at a depth of 2 mm, 2 mm posterior and 2 mm lateral to the bregma for measurement of blood flow of the cortex, at a depth of 4 mm, 2 mm anterior and 3 mm lateral to the bregma for that of the striatum, and at a depth of 5 mm, 6 mm posterior and 5 mm lateral to the bregma for that of the hippocampus of each hemisphere according to the guidance of an atlas of anatomy of rat brain,14 using a stereotactic apparatus (model SR-5, Narishige). The reference Ag-AgCl electrode was inserted under the skin of the neck. The animals inhaled a gas mixture of 90 ml/min air and 10 ml/min hydrogen through a mask loosely fitted to the nose. After ensuring the equilibration of the brain tissue with hydrogen gas, the cerebral blood flow was measured. At approximately 30-minute intervals, the blood flow of the other brain regions was similarly determined.
Materials and Methods
In a separate set of experiments, we performed blood gas analysis of 10 control rats and four sham-operated and four microsphere-injected rats on day 3 after emensure the validity of the experimental conditions used. The rats were anesthetized with 35 mg/kg of sodium pentobarbital as described above. A cannula was inserted into the right femoral artery for sampling the blood. Then, the animals inhaled air containing 10% hydrogen gas as described above. Blood (0.2 ml) was sampled before inhalation (0 minutes), three times after equilibration of hydrogen gas in the tissue (30, 60, and 90 minutes), and at the end of the experiment (120 minutes). Then, the blood was immediately analyzed with a blood gas analyzer (model 288, Ciba-Corning Japan, Tokyo).
For determination of the infarct area, 21 microsphere-injected and 23 sham-operated rats were lightly anesthetized with ether and decapitated at different time intervals (days 1, 3, 7, and 28) after the operation.
Five rats were also decapitated without any operation (control). The brains were rapidly isolated and photographed. After cooling the brain in a stainless-steel container surrounded with ice, the brain was positioned on a brain holder and coronally sectioned 3, 5, and 7 mm from the frontal pole with razors. The sectioned brain tissue was incubated at 37°C for 30 minutes with 2% of 2,3,5-triphenyltetrazolium chloride (TTC) in physiological saline. 15 The slices were transiently immersed into a 10% formalin solution, and then their photographs were taken. The sum of TTC-stained and TTC-unstained (including weakly stained) areas of three brain slices was estimated by a planimetric method.
For microscopic examination, five microsphere-injected, five sham-operated, and four control rats were decapitated on day 3 after the operation, and the brain was quickly isolated. The specimens were fixed for 1 week in 10% formalin solution buffered with phosphates (pH 7.4). Thereafter, serial 2-mm sections were cut from the frontal area of each brain and embedded in paraffin. The paraffin sections were stained with hematoxylin and eosin and observed by light microscopy. The microscopic observation of the samples was performed by a person unaware of the study group Arterial blood pressure and heart rate of control rats were 103±2 mm Hg and 421±17 beats per minute (bpm) (n=10), respectively. Each value represents mean±SEM of 7-14 experiments (for details of experiments, see "Materials and Methods"). No significant difference from control was seen at any time examined.
cording to the hydrogen gas clearance method. The pH, Po2, and Pco2 values of control animals were 7.37+0.01, 90.7±2.3 mm Hg, and 40.1±1.5 mm Hg, respectively (n = 10). There were no differences in pH, Po2, and Pco2 values of the control, sham-operated, and microsphereinjected rats during the entire experimental period (2 hours) (data not shown).
Mean arterial blood pressure and heart rate of microsphere-injected and sham-operated rats at different time periods after microsphere embolism were routinely monitored before and during measurements of cerebral blood flow. As shown in Table 1 , there were no significant differences in either parameter between microsphere-injected and sham-operated rats at any time period after the operation. No appreciable changes were observed in either parameter of microsphereinjected animals throughout measurement of regional blood flow (data not shown).
The time courses of changes in blood flow of the cerebral cortex, striatum, and hippocampus of microsphere-injected, sham-operated, and control (without any operation) rats are shown in Figure 1 . The initial values of the cortical, striatal, and hippocampal blood flow of the right hemisphere were 42.9+4.7, 36.4+--1.3, and 51.0±3.5 ml/100 g tissue per minute, respectively. Microsphere embolism induced a significant reduction in the cortical blood flow of both hemispheres on day 1 after the operation. This low level of cortical blood flow persisted in the right hemisphere throughout the experiment, whereas the cortical blood flow of the left hemisphere returned to normal levels on day 3 but tended to decrease after day 7. The striatal blood flow of the right hemisphere was decreased on day 3 after the operation. This low level was maintained up to 14 days after the operation. A significant decrease in the striatal blood flow of the left hemisphere was also seen on day 3 after the operation, followed by a gradual return to normal levels thereafter. The hippocampal blood flow of the right hemisphere of microsphere-injected rats decreased on days 1 and 3 after the operation and returned to normal levels thereafter. We could not consistently measure the regional blood flow of the right hemisphere of rats 28 days after injection of microspheres, probably due to the severe microsphere-induced degeneration of the appropriate brain regions. In six of 15 rats, however, we measured the regional blood flow and found that the blood flow was similar to that on day 14. There were no significant changes in regional blood flow of either hemisphere of sham-operated groups throughout the experiment.
The brains of microsphere-injected and sham-operated rats were isolated on days 1, 3, 7, and 28 after the operation and used for gross observation and TTC staining. On day 3, cerebral vasodilation, edema, and hemorrhage were seen in the right hemisphere of microsphere-injected rats. There was a marked degeneration and/or atrophy of the right hemisphere of Time after operation ( days ) (Figure 2 ). The unstained areas, which included weakly stained areas of the right hemisphere of microsphere-injected rats, was constant by day 3 after the operation. The TTC-unstained area 3 days after the operation was approximately 79% that of the corresponding sham-operated animals. The TTCstained areas of the right hemisphere on days 7 and 28 were almost the same as those on day 3. No TTCunstained area was seen in the brain slices of either hemisphere of sham-operated rats, even though the right common carotid artery was permanently ligated.
Brain sections of rats on day 3 after the operation were stained by hematoxylin and eosin. In the brains of sham-operated rats on day 3, bilateral cortices, corpus callosum, hippocampi, thalami, hypothalami, lenticular nuclei, and internal capsules showed no microscopic or histological changes (Figure 3, upper panel) . In contrast, the right hemispheres of microsphere-embolized rats were seen to be somewhat swollen by gross observation. By light microscopy, the affected right hemisphere was seen to have undergone degeneration and stained palely compared with the left unaffected hemisphere ( Figure 3, lower panel) . Scattered necrotic areas, variable in size and shape, were seen mainly in the parietotemporal cortex, corpus callosum, hippocampus, thalamus, and lenticular nucleus of the affected hemisphere. Small hemorrhagic foci were frequently observed in the necrotic areas.
Discussion
The purpose of the present study was to provide direct evidence of cerebral ischemia and/or infarction after microsphere embolism, which may result in severe and sustained damage to brain function and metabolism.
First, we determined cerebral blood flow of microsphere-embolized rats for 28 days after induction of the embolism. A sustained and marked decrease in the blood flow of the cerebral cortex and striatum of the right hemisphere was seen in microsphere-injected rats throughout the experiment. This indicates that microsphere embolism induced sustained ischemia or oligemia in the brain region of the cerebral hemisphere where microspheres were introduced.
The blood flow of the left hemisphere was decreased only in the cerebral cortex, striatum, and/or hippocampus 1 to 3 days after the operation. Several mechanism underlying the decrease in blood flow of the contralateral hemisphere. We observed two interesting phenomena in the time course study of regional blood flow. One is a relatively minor decrease in cerebral blood flow of the striatum on day 1 after the embolism, followed by a sustained decrease in the blood flow thereafter. This suggests that the striatal area is indirectly occluded by the microsphere embolism. The other is a gradual reversal of the hippocampal blood flow with time after the embolism. There are a number of possible explanations for the findings, such as an increase in reactive hyperemia, development of collateral blood flow, and/or changes in blood flow distribution with time after the operation. The exact mechanisms underlying such changes in cerebral blood flow cannot be addressed at present. In spite of that, it is possible to consider that sustained and almost irreversible cerebral ischemia is induced, at least, in the cortical and striatal regions after microsphere embolism, which may lead to functional, morphological, and metabolic impairments in these or adjacent brain areas.
Reduction in blood flow of brain regions was predicted from several findings in our previous studies. These included decreases in tissue high-energy phosphate1" and acetylcholine'0 and increases in tissue lactate1" and choline.10 These changes are considered to be biochemical markers of an ischemic state. [17] [18] [19] [20] We have now demonstrated that microsphere embolism decreases cerebral blood flow, which results in profound metabolic disturbance in the brain.
The TTC-staining method is a convenient method of determining cerebral infarct area, and a close correlation with evaluation of infarct size by hematoxylin and eosin has been described in the literature.152' Our results show the formation of widespread TTC-unstained or weakly stained areas in the brain slices of the right hemisphere from microsphere-injected animals on day 3 after the operation. The TTC-unstained areas on day 28 were similar to those on day 3, suggesting that cerebral infarction develops within 3 days after the embolism, and the infarct area does not expand further during the period studied in these experiments.
In accordance with this, we observed in the microscopic study that there was widespread degeneration of the microsphere-injected hemisphere, as evidenced by the existence of areas sparsely stained with hematoxylin and eosin. The necrotic areas, variable in size and shape, with small hemorrhagic foci were scattered widely in various brain regions, which is indicative of multifocal necrosis.
Numerous studies have attempted to measure blood flow of brain regions after induction of ischemia and to correlate the reduction in regional blood flow with histological, biochemical, and neurological alterations during the acute phase of ischemia or a short period after ischemia. These include correlation of severe and uniform reduction of blood flow of all brain regions after global ischemia with changes in extracellular amino acid levels in rats2223 and correlation of near zero blood flow in the striatum after four-vessel occlusion with altered monoamine neurotransmitter release in rats. 24 There are also reports of tissue high-energy phosphate depletion in rats treated with a combination of elevation of intracranial pressure and unilateral common carotid artery occlusion25 and histological changes recorded after occlusion of the proximal middle cerebral artery.26 Although these results demonstrated the reduction in cerebral blood flow resulting in metabolic and morphological impairments, the close relation between these variables with respect to the extent and period of long-term ischemia or infarction has not yet been established. The previous and present studies in our ischemic model7-1" showed a dissociation of change, particularly recovery, of cerebral blood flow and neurological deficit or metabolic disturbance to some extent. That is, relatively rapid recovery of neurological deficits, gradual restoration of brain high-energy phosphate store, sustained reduction in blood flow of the brain regions, and irreversible damage to morphology were seen in this model. Further and extensive studies are required to establish the correlation between these ischemia-induced alterations.
In summary, the present study provides direct evidence of reduction in blood flow of brain regions after microsphere embolism. The induced ischemia resulted in a sustained and severe cerebral infarction within 3 days after the embolism. This model may be useful for the study of functional, biochemical, pathophysiological, and morphological alterations of long-term cerebral ischemia and infarction.
Editorial Comment
Cerebral embolism with microspheres has been shown to induce abnormalities that resemble the development of cerebral ischemia and infarction. By using this approach in the rat, the authors have published a number of papers on the changes of cerebral energy metabolites and neurotransmitter content. In this manuscript the authors continued their effort in examining the changes of brain blood flow and morphological structure.
Their experimental procedure and results were clearly documented. About two thirds of their rats developed strokelike symptoms after microsphere injection through the right internal carotid artery. Generally, the reduction of regional blood flows and degenerative areas were confined to the right hemisphere. The morphological damage appeared to be extensive and irreversible. The surprise finding in their study was that the strokelike symptoms in these microsphere-injected rats disappeared spontaneously in about 2 weeks. The reason for the dissociation between the morphological damage and the neurological deficits remained unclear.
Microsphere-induced embolism in the rat is a useful model in the sense that it can uncover the sequence of events and the extent of damage after sustained cerebral ischemia or oligemia. However, its usefulness as a stroke model may be limited. Since the microsphereinjected rats can recover fully from the strokelike symptoms without any treatment, this may complicate evaluation of potential therapeutic intervention in this animal model. Enoch P. Wei, PhD, Guest Editor Department of Medicine Medical College of Virginia Richmond, Va.
